The viral polypeptide ICP4 (or Vmwl75) is synthesized during the immediate early phase of infection by herpes simplex virus and regulates the transcription of delayed early and late viral genes. We obtained a partially purified preparation of soluble ICP4 under nondenaturing conditions. Physical constants for native ICP4 were empirically determined by molecular sieve chromatography and sucrose density gradient ultracentrifugation. The Stokes radius of native ICP4 was 8.72 x 10-7 cm. The sedimentation coefficient of native ICP4 was 9.OOS. From these values, the calculated molecular weight of native ICP4 was 342,000, a value which is twice that of monomeric ICP4, as determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The failure of any other polypeptides to specifically coprecipitate with native ICP4 in the presence of anti-ICP4 antibody indicates that the 342,000-dalton complex is a homodimer of ICP4. The frictional coefficient ratio of native ICP4, which is 1.9, indicates that the homodimer is a highly elongated molecule.
The genome of herpes simplex virus (HSV) is a linear, double-stranded DNA molecule containing approximately 150 kilobase pairs that encode at least 50 polypeptides. These polypeptides and their corresponding mRNAs have been classified on the basis of their temporal order of appearance within an infected cell as immediate early (cx), delayed early (n), or late (-y). The immediate early genes encode five infected cell polypeptides (ICPs) designated as ICP4, ICPO, ICP22, ICP27, and ICP47 by Honess and Roizman (13) or as Vmwl75, VmwllO, Vmw68, Vmw63, and Vmw12, respectively, by Watson et al. (32) . Because of the lack of conditional mutations in the genes encoding ICPO, ICP27, and ICP47, there is no information currently available regarding the roles of these proteins in viral infection. Mutants with deletions in the gene encoding ICP22 grow normally in human and monkey cell lines (18) . Several temperature-sensitive mutants belonging to HSV complementation group 1-2 (24) and having mutations in the gene encoding ICP4 (7) have been isolated. In cells infected by these mutants at the nonpermissive temperature, the viral reproductive cycle does not proceed beyond the immediate early phase; i.e., transcription of the delayed early and late genes does not occur (20, 31) . These results indicate that functional ICP4 is required to initiate and maintain transcription of the delayed early viral genes.
The known properties of ICP4 are consistent with its role as a transcriptional regulatory protein. This viral polypeptide is maximally synthesized from 4 to 6 h postinfection and is rapidly translocated to the nucleus (7) . Three electrophoretic variants (ICP4a, b, and c) with apparent molecular weights of 163,000, 165,000, and 170,000 can be isolated from HSVinfected cells (16) . All three forms are phosphorylated (33) . Phosphoserine and phosphothreonine residues have been isolated from ICP4 phosphorylated in vivo (S. Faber and K. W. Wilcox, submitted for publication). ICP4 is modified in vitro by poly(ADP-ribosyl)ation (21) . Under physiological conditions, ICP4 is apparently associated with nonmembranous, particulate nuclear material. Detergents such as * Corresponding author.
Nonidet P-40 or CHAPS (3-[(3-cholamidopropyl) dimethylammonio]-1-propane sulfonate) are not sufficient to solubilize ICP4 from the particulate fraction produced when nuclei are disrupted in phosphate-buffered saline (PBS) (1) . Extraction of ICP4 from this particulate fraction requires high ionic strength (19) . The affinity of partially purified ICP4 for single-stranded DNA (9) suggests that ICP4 exists as a nucleoprotein complex in infected cells. This complex may be stabilized by cellular proteins. Freeman and Powell (9) have reported that more highly purified ICP4 does not bind to DNA; however, the addition of an extract from uninfected cells to this purified ICP4 restores its ability to bind to single-stranded DNA (9) .
The properties of ICP4 synthesized in cells infected with either wild-type HSV or a temperature-sensitive strain with a mutation in the ICP4 gene have been investigated (Faber and Wilcox, submitted). Initial attempts to purify ICP4 from HSV-infected Vero cells were hindered by two problems, namely extensive proteolytic degradation of ICP4 that occurred when nuclei were isolated from infected cells and the insolubility of ICP4 in buffers with ionic strengths below 0.25 M. In the first part of this paper, we present our solutions to these two problems. In the second part of the paper, we present our results from studies on the size, molecular weight, and subunit composition of soluble, native ICP4.
MATERIALS AND METHODS
Cells and virus. Vero cells were grown in Dulbecco modified Eagle medium supplemented with 5% newborn bovine serum and 150 U of penicillin G and 150 ,ug of streptomycin sulfate per ml. The virus strain used was HSV-1(HFEM). Infected cells were incubated in medium 199V (199/Hanks balanced salt solution supplemented with 1% heat-inactivated newborn bovine serum and 150 U of penicillin G and 150 ,ug of streptomycin sulfate per ml).
Solutions two 10-min washes in TS40; and 10 min in TS. The nitrocellulose was then dried and exposed to Kodak X-ray film with an intensifying screen at -80°C.
Partial purification of ICP4. Vero cells infected with HSV-1 (HFEM) at 10 PFU per cell were incubated at 37°C for 6.5 h. All subsequent operations were carried out at 4°C in buffers containing 0.1 mM TPCK. All volumes are based on extracts prepared from 2 x 108 cells. The growth medium was decanted, and the monolayer was rinsed with 20 ml of ice-cold PBS supplemented with 0.6 mM ECDTA. Cells were scraped into 20 ml of PBS plus 0.6 mM EDTA, pelleted, suspended in 5 ml of RSB, swollen for 10 min, and then disrupted in a Dounce homogenizer. Sucrose was added to a final concentration of 8.3%, and the nuclei were collected by centrifugation at 1,000 x g for 10 min. The nuclei were suspended in 3.75 ml of RSB containing 8.3% sucrose and 1% Triton X-100 and then pelleted at 1,000 x g for 10 min. The detergent-washed nuclei were suspended in 2 ml of REX-300 and then disrupted by sonication. The nuclear extract was supplemetited with 0.5% CHAPS and clarified by centrifugation at 100,000 x g for 1 h. Powdered ammonium sulfate (Ultrapure; Schwartz/Mann, Orangeburg, N.Y.) was added to 20% saturation in the supernatant. Precipitated proteins were removed by centrifugation at 12,000 x g for 10 min. Powdered ammonium sulfate was added to the resulting supernatant to a final concentration of 50% saturation. Precipitated proteins were recovered by centrifugation at 12,000 x g for 10 min. The resulting pellet was suspended in 0.25 ml of REX-300. This solution was clarified by centrifugation at 12,000 x g for 5 min and is referred to as fraction VI. It contains approximately 2% of the total cellular protein and 25 to 50% of the total ICP4 (unpublished data).
Measurement of the Stokes radius of ICP4. It has been shown by Ackers (2) that the volume (Ve) required to elute a protein from a gel filtration column is determined by the total volume (V,) of the column, the void volume (VO) of the column, the Stokes radius (a) of the protein, and the mean effective pore radius (r) of the column matrix. For any given protein that is retarded by a gel filtration column, one can obtain a value for (Ve -V',)/(V, -VO). This value is referred to as the distribution coefficient, or KD, for that protein (10 intact ICP4 remained in the extracted nuclei when either aprotinin or phenylmethylsulfonyl fluoride was added to the extraction buffer (Fig. 1, lanes 2 and 3) . The addition of either TPCK or TLCK to the extraction buffers protected most of the ICP4 from significant degradation (Fig. 1, lanes  5 and 6) . In combination with the report of Zezulak and Spear (34), these results indicate that Vero cells contain a sulfhydryl protease capable of degrading both glycosylated, membrane-associated viral proteins and nonglycosylated, nucleus-associated proteins.
To determine whether the rapid proteolysis of ICP4 in disrupted Vero cells is indicative of a high turnover rate of ICP4 in intact Vero cells, we harvested cells in the presence of TPCK at various times after infection with HSV-1 (HFEM). These extracts were analyzed by RIA of electrophoretically separated proteins. We observed no significant degradation of ICP4 during 17.5 h of infection (Fig. 2) , a period sufficient for one cycle of viral replication. We also observed that the net amount of cellular ICP4 reached a plateau at about 8 h postinfection (Fig. 2) tions of salt are required to extract ICP4 from the nuclei of HSV-infected cells (19, 33) . Our initial experiments showed that the ICP4 present in clarified nuclear extracts is insoluble at ionic strengths below 0.25 M. This finding necessitated the development of an ICP4 purification scheme that could be carried out at high ionic strength. During the course of this investigation, we discovered that chromatography of a clarified nuclear extract through a molecular sieve matrix yielded a single peak of immunoreactive ICP4 that remained soluble at ionic strengths as low as 50 mM.
Details of the purification scheme are presented above. Briefly, nuclei were prepared 7 h postinfection from cells infected with HSV-1 (HFEM). The nuclei were washed in RSB containing Triton X-100 and then disrupted in REX-300. The nuclear extract was clarified by centrifugation at 100,000 x g. Proteins in the supernatant were precipitated by the addition of ammonium sulfate to a final concentration of 50%. The precipitate was suspended in REX-300 and chromatographed through a molecular sieve matrix equilibrated in the same buffer. A sample of each fraction was spotted onto nitrocellulose and subjected to RIA with anti-ICP4 antibody. A single peak of ICP4 eluted from the column (Fig. 3) . Fractions 56 to 68 were pooled, concentrated by ammonium sulfate precipitation, and suspended in PBS. This solution of partially purified ICP4 is referred to as fraction VII. Centrifugation of this sample indicated that the partially purified ICP4 was soluble in PBS (data not shown). This material was therefore analyzed more extensively to determine the size, molecular weight, and composition of soluble, native ICP4. Determination of physical parameters for native ICP4.
Chromatography of ICP4 through a calibrated gel filtration column allows one to calculate the a of native ICP4 (for details, see above). A sample of fraction VII was cochromatographed through an analytical TSK-65 column along with bacteriophage T4, P-galactosidase, catalase, and sodium [3HJacetate. The ICP4 eluted as a symmetrical peak centered at fraction 195 (Fig. 4A) The sedimentation coefficient for native ICP4 was obtained by sedimentation velocity analysis. Proteins with known sedimentation rates were sedimented along with a sample of fraction VII through an isokinetic sucrose gradient. Under the conditions of this centrifugation, the peak of ICP4 was located in fractions 21 and 22, which corresponded to the middle of the gradient (Fig. 5A) . The peak activities ofISOLATION OF HSV ICP4 (29); catalase, 11.3S (28) ; and phosphorylase b, 8.4S (26) . S20.,. Calculated sedimentation coefficient at 20°C and the density of water.
D2o,w and S20,,,, the molecular weight of native, hydrated ICP4 was 342,000. The flf0 for native ICP4 was 1.88.
Subunit composition of native ICP4. Monomeric, denatured ICP4 has an apparent molecular weight between 165,000 (16) and 175,000 (22) based on its relative migration rate in an SDS-polyacrylamide gel. Our calculated value for the molecular weight of native, hydrated ICP4 is approximately twice the value of monomeric ICP4. The most obvious possibility is that native ICP4 exists as a homodimer under the conditions of our purification procedure. However, it is also possible that one or more host or viral proteins are associated with ICP4, forming a complex with a molecular weight of 342,000. To determine the polypeptide composition of the 342,000-molecular-weight complex, the proteins in fraction VII were radiolabeled with 1251 and then immunoprecipitated with either immune IgG (contaiting anti-ICP4 antibody) or with preimmune (control) IgG. Radiolabeled proteins in the precipitates were separated by SDS-PAGE and detected by autoradiography (Fig. 7) . Only one band, corresponding to ICP4, was specifically precipitated (Fig. 7) . Two bands with apparent molecular weights between 40,000 and 45,000 were observed in equal amounts in both control and immune precipitates (Fig. 7) . Analysis of these same samples on a 15% polyacrylamide gel revealed only one or two minor bands with molecular weights below 40,000; these minor bands were found equally in both the control and the immune precipitates (data not shown VOL. 55, 1985 on July 8, 2017 by guest http://jvi.asm.org/ ICP4 isolated under these conditions is a 342,000-dalton complex composed of two monomers of ICP4. In this purification scheme, the use of potentially denaturing agents such as urea, chaotropic salts, and strong detergents has been purposely avoided to minimize alterations in the native structure of ICP4. The use of 300 mM ammonium sulfate in the extraction buffers was based on the use of similar conditions for the extraction of active RNA polymerase II from mouse myeloma cells (25) . In the case of RNA polymerase, the use of a high salt concentration is necessary to dissociate the enzyme from a transcription complex composed of DNA, RNA, and protein (15) . Given the role of ICP4 in the regulation of viral DNA transcription, it is reasonable to speculate that ICP4 is associated with a similar complex within the nucleus.
Although the extraction buffer REX-300 facilitates the dissociation of ICP4 from other nuclear components, it does not dissociate the dimeric ICP4 complex. Hence, the dimer is quite stable. However, there are apparently no covalent bonds between the two monomer components, since the addition of SDS alone is sufficient to disrupt the complex (unpublished results; also, see Fig. 5 in reference 4) .
The (30) . Although the actual shape of native ICP4 is unknown, this high value for the axial ratio illustrates the extended configuration of native ICP4. The composition and structure of native ICP4 should be considered in formulating a model for its biological function. For example, if the protein stimulates the transcription of delayed early genes by binding to specific sequences within the viral genome, then one might predict that the binding site would consist of a pair of sequences as a direct or indirect repeat (in keeping with the dimeric structure of the protein) separated by one or more turns of the helix (in keeping with the extended conformation of the protein). Although such a model is purely conjectural at this time, there are some data pertinent to the DNA-binding properties of ICP4. Freeman and Powell (9) reported that ICP4 binds to single-stranded DNA via interaction with an unidentified component from uninfected cells. Preliminary studies indicate that our partially purified ICP4 binds both single-stranded and doublestranded DNA. We have no evidence as to whether this DNA-binding activity of dimeric ICP4 requires one or more of the cell-encoded proteins which are also present in the partially purified preparation, nor do we have any evidence that native ICP4 binds to specific regions of the HSV genome. Studies are in progress to address these questions and to extend our investigations of the mechanism whereby ICP4 promotes the transcription of specific viral genes.
